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Abstract
Nutrients nitrogen and phosphorus pollution in aquaculture is one of the greatest challenges threatening
the survival of aquatic organisms, which requires e�cient and sustainable remediation approach.
Microbial remediation, especially the application of probiotics, has recently gained popularity in
improving the water quality and maintaining the health condition of aquatic animals. In the present study,
two groups of mixed Bacillus (Bacillus megaterium and Bacillus subtilis (A0+BS) and Bacillus
megaterium and Bacillus coagulans (A0+BC)) were applied to aquaculture system of Crucian carp to
improve the treatment of nitrogenous and phosphorus compounds. The effects of mixed Bacillus on
water quality, and the structure and function of microbial communities in aquaculture water were
investigated. Our results showed that the improvement effect of mixed Bacillus A0+BS on water quality
was better than that of A0+BC, and the NH4

+-N, NO2
--N, NO3

--N and total phosphorus (TP) concentrations
were reduced by 46.3%, 76.3%, 35.6%, and 80.3%, respectively. In addition, both groups of mixed Bacillus
increased the diversity of bacterial community and decreased the diversity of fungal community.
Microbial community analysis showed that mixed Bacillus A0+BS increased the relative abundance of
bacteria related with nitrogen and phosphorus removal, e.g., Proteobacteria, Actinobacteria, Comamonas,
and Stenotrophomonas, but decreased the relative abundance of pathogenic bacteria (Acinetobacter and
Pseudomonas) and fungi (Epicoccum and Fusarium). The redundancy analysis showed that NH4

+-N,

NO2
--N, and TP were primary environmental factors affecting the microbial community in aquaculture

water. PICRUST analysis indicated that all functional pathways in the treatment groups were up-
regulated, and all pathways in A0+BS group were richer than those in other groups. These results
indicated that mixed Bacillus A0+BS addition produced good results in reducing nitrogenous and
phosphorus compounds and shaped a favorable microbial community structure to further improve water
quality.

Highlights
Mixed Bacillus A0+BS was directly applied in aquaculture as free bacteria.

Mixed Bacillus A0+BS shaped a favorable microbial community structure.

Water quality was improved by the mixed Bacillus A0+BS addition.

All functional pathways were enriched after adding mixed Bacillus especially A0+BS in aquaculture.

1. Introduction
In recent decades, the eutrophication of rivers, lakes, reservoirs and coastal waters has become one of the
most important water pollution problems in the world due to the excessive discharge of nitrogen and
phosphorus (Wang et al., 2019). The rapid development of intensive aquaculture and the discharge of
aquaculture water cause the high concentration of nutrients nitrogen and phosphorus in surface water
bodies, which makes algal blooms occur frequently (Conley et al., 2009). The release of nitrogen-
containing metabolites and algal toxins change the balance of micro-ecology, resulting in the
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proliferation of a large number of pathogenic microorganisms (Lieke et al., 2019; Zokaeifar et al., 2014).
These proliferating pathogenic microorganisms are very easy to cause infectious diseases of �sh and
shrimps during the process of aquaculture, and cause damage to the aquaculture water and the
surrounding environment (Shakya et al., 2013; Wang et al., 2018b). Hence, exploring the cost-effective
and non-toxic water quality improvement technology has given rise to major global concern.

Currently, a number of physical, chemical, and biological methods are used in the process of aquaculture
wastewater (Yin et al., 2018). These include water exchange, bio�lters (Jahangiri et al., 2018), ozone
oxidation (Schroeder et al., 2011), and bio�oc technology (Liu et al., 2019). However, most of these
methods have disadvantages such as time-consuming, high cost, and toxic by-products (Mook et al.,
2012; Hlordzi et al., 2020). In addition, the use of antibiotics is common practice in aquaculture to control
�sh and shrimp diseases (Banerjee et al., 2017). However, this has resulted in an increase in antibiotic
resistant strains in aquaculture environment, which can be transmitted to human through food chain
(Hoseinifar et al., 2017; Zhou et al., 2018). To avoid the above adverse situation, bioremediation by
probiotics has become high in aquaculture (Hoseinifar et al., 2018). Various microorganisms have been
successfully applied to reduce toxic pollutants generated in the aquatic system with simple, stable and
relatively low operational cost (Verschuere et al., 2000; Lu et al., 2012). Probiotics as a kind of safe
additive are used in aquaculture for purifying water quality, inhibiting potential pathogenic
microorganisms, improving feed utilization, and enhancing the health of the host (Olmos et al., 2011;
Selim et al., 2015; Yang et al., 2011). This e�ciently reduced the dependent of aquaculture on antibiotics.

Bacillus species have been widely used in aquaculture based on the characteristic of high survival rate,
inhibition of pathogens, and immunity regulation of aquatic organisms (Xu et al., 2013). Many
researchers have reported that Bacillus species play signi�cant roles in removing nitrogenous and
phosphorus compounds and maintaining the balance of the microbial community structure (Choi et al.,
2002; Soltani et al., 2019). Bacillus species can remove the different forms of nitrogen from aquaculture
wastewater through ammoni�cation (Hui et al., 2019), nitri�cation (Rout et al., 2017), and denitri�cation
(Verbaendert et al., 2011) as well as nitrogen �xation. Literature has proven that Bacillus can reduce
phosphate ions to the acceptable range in aquaculture (Thurlow et al., 2019). However, with the
increasing deterioration of aquaculture water and the complexity of pollution factors, the single bacterial
species has certain limitations in terms of nitrogen and phosphorus removal, disease control. Compared
with a single strain, the synergistic interaction between mixed Bacillus could enhance the nutrients
removal rate, and such system were more resistant to environmental condition (John et al., 2020).
However, the current application of mixed Bacillus in aquaculture water mainly focuses on the removal
effect of different combinations of Bacillus subtilis, Bacillus licheniformis, Bacillus coagulans, and
Bacillus lateralis on the nitrogenous and phosphorus compounds (Elsabagh et al., 2018; Kuebutornye et
al., 2019). Bacillus megaterium is widely used for the removal of nitrogenous and phosphorus
compounds (Zhao et al., 2021). Gao et al. (2018) found that Bacillus megaterium could keep a high nitrite
removal rate when the temperature was between 25°C and 40°C and the pH was between 7.0 and 9.0.
Therefore, it is necessary to further study the combined effect of Bacillus megaterium and other
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functional strains. Meanwhile, the potential interaction mechanism between exogenous Bacillus and
microbial community is still unclear.

In addition, the method of adding Bacillus was mainly through mixing with feed and then adding it to
aquaculture water in most of the previous studies (Cai et al., 2019). Nayak et al. (2020) pointed out that
direct addition of Bacillus species into the rearing water as water additive could rapidly degrade the
unspent feed and organic excreta. In this study, using the Bacillus megaterium isolated from eutrophic
water by our research group and other functional Bacillus (Bacillus subtilis, Bacillus coagulans) from
Liaoning Huaxing Biological Technology Co. Ltd, based on the diffusion e�ciency of Bacillus in
aquaculture water, the bene�cial effects of mixed Bacillus species on water quality and micro-ecosystem
in Crucian aquaculture were ascertained by directly adding mixed Bacillus (Bacillus megaterium +
Bacillus subtilis, Bacillus megaterium + Bacillus coagulans). The changes in microbial populations, the
structure and function of microbial community in aquaculture water had been explored by Illumina-HiSeq
sequencing. Our results would help to understand the degradation mechanism of nitrogen and
phosphorus in water by mixed Bacillus and to provide a theoretical basis for microbial combined action
in water puri�cation.

2. Material And Method

2.1. Strains
Bacillus megaterium (A0) was previously isolated from eutrophication aquaculture pond located at
Shenyang (Liaoning Province, China). It had the effect of removing nutrients nitrogen and phosphorus,
and no �sh death or other abnormal phenomenon was apparent (unpublished data). Bacillus subtilis (BS)
and Bacillus coagulans (BC) were purchased from Liaoning Huaxing Biological Technology Co. Ltd. The
two Bacillus species can improve the water quality and regulate the balance of micro-ecosystem in
aquaculture water.

2.2. Mixed Bacillus culture
Stock cultures of the single Bacillus were maintained in 60% glycerol and stored at -80 ℃. The solid
medium that was used to culture the single Bacillus contained beef extract 3.0 g/L, tryptone 10.0 g/L,
NaCl 5.0 g/L, pH 7.0. The solid medium was sterilized in an autoclave at 115 ℃ for 30 min. The Bacillus
mixture in this study comprised two Bacillus species, namely mixed Bacillus A0+BS and mixed Bacillus
A0+BC. A co-culture experiment about mixed Bacillus was carried out in a 250 mL �ask containing
proliferation medium (glucose 8 g/L, yeast extract 12.5 g/L, KH2PO4 3 g/L, MnSO4·H2O 0.18 g/L,
MgSO4·7H2O 0.125 g/L, pH 7.0), and the medium was sterilized in an autoclave at 115 ℃ for 30 min
before use. These �asks were shaken in an incubator shaker (LRH-70, Shanghai, China) at 160 rpm, 30
℃ for 24h. The grown cell cultures were made into pellets by centrifuging at 4000g, 4 ℃ for 10 min. The
pelleted bacteria were re-suspended and washed three times in sterile saline. The density of the cell
suspension was calculated by using a spectrophotometer (2600 UV/VIS, Shanghai, China), and the
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relationship between the density of the suspension and the colony forming unit (CFU) was determined
using the expansion plate technique (Zokaeifar et al., 2014). The �nal concentration of cell suspension
was altered to 2.0×108 CFU/mL.

2.3. Batch experiments
Crucian carp, water and sediment were all obtained from aquaculture pond located at Yuhong district
Aquaculture Plant (YAP, Northeast of Shenyang, Liaoning Province, China). The water quality parameter
was with a pH of 7.2, dissolved oxygen (DO) of 7.65 mg/L, ammonia nitrogen (NH4

+-N) of 1.34 mg/L,

nitrate nitrogen (NO3
−-N) of 0.18 mg/L, nitrite-nitrogen (NO2

−-N) of 0.41 mg/L, and TP of 0.204 mg/L.

On the basis of pre-experiment, 180 health Crucian carp (average weight 60 ± 3 g) were used to study.
Fishes were divided among 9 aquariums (L × W × H, 1.00 m × 0.50 m × 0.60 m) for the ensuing outdoor
experiments, with 20 �shes per aquarium. 10cm-sediment collected from �sh ponds were put into each
tank to simulate aquaculture pond and each tank was �lled with 180 L of pond water. All tanks were
aerated continuously. Water temperature was 14 ~ 24℃ and pH was 7.1~7.4 during experiment. Fishes
were fed the bait twice a day.

Nine tanks were randomly divided into three groups, and each group had three replicate tanks: (1) control
group (CK); (2) treatment group: Bacillus megaterium and Bacillus subtilis group (A0+BS); (3) treatment
group: Bacillus megaterium and Bacillus coagulans group (A0+BC), with the mixed Bacillus added to the
water at a �nal concentration of 6.0×105 CFU/mL (Nai and Fotedar, 2010; Zokaeifar et al., 2014),
respectively. According to the effect time of the mixed Bacillus, the experimental period was designed to
be 15 days.

2.4. Water quality analysis
Samples collected from the four locations of each tank were mixed before storage in polyethylene plastic
bottles (500 mL) for all the tests once every two days. The collected water sample were �ltered and then
analyzed for NH4

+-N, NO3
−-N, NO2

−-N, and TP following these methods as described by Chinese EPA

(2002). NH4
+-N levels were determined by salicylic acid spectrophotometry method. NO3

−-N levels were

determined by UV spectrophotometry method. NO2
−-N levels were determined by N-(1-naphthyl)-ethylene

diamine dihydrochloride spectrophotometric method. TP levels were determined by ammonium
molybdate spectrophotometric method.

2.5. DNA extraction and high-throughput sequencing
Tank water samples were collected in sterile tubes and then were �ltered through a 0.2 µm pore size
polycarbonate �lter. Total DNA was extracted from the �lter using the E.Z.N.A. Soil DNA Kits (Omega Bio-
Tek, USA) according to the manufacturer's protocol.

All DNA samples were sent to Sangon Bio-tech Co., Ltd. (Shanghai, China). The V3-V4 region of the
bacterial 16S rRNA genes was ampli�ed by using speci�c primers: 341F (5′-CCTACGGGNGGCWGCAG-3′)
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and 805R (5′-GACTACHVGGGTATCTAATCC-3′). The ITS1-ITS2 region of fungi was ampli�ed by using
speci�c primers: ITS1F (5′-CCCTACACGACGCTCTTCCGATCTN-3′) and ITS2R (5′-
GTGACTGGAGTTCCTTGGCACCCGAGAATTCCA-3′). The PCR conditions were as follows: 1 cycle at 94 ℃
for 3 min, followed by 30 ampli�cation cycles (94 ℃ for 30s, 45 ℃ for 20s, and 65 ℃ for 20s), 20
ampli�cation cycles (94 ℃ for 20s, 55 ℃ for 20s, and 72 ℃ for 30s), l cycle at 72 ℃ for 5 min. The PCR
products were detected by gel electrophoresis using 2% agarose gel. High-throughput sequencing of 16S
rRNA and ITS gene was carried out using an Illumina MiSeq.

2.6. Statistical analysis
Correlation and statistical differences were analyzed using SPSS software (Vision 19.0). Differences were
considered signi�cantly at P < 0.05. Cutadapt Version 1.2.1 was used to remove primer adapters to
ensure the quality of information analysis. Pear Version 0.9.6 was used for sequence splicing. Prinseq
Version 0.20.4 was used for sequence �ltering. Mothur Version 1.30.1 was used to remove the chimera
sequence. Finally a high-quality series for analysis was acquired. The operational taxonomic units
(OTUs) were clustered by UPARSE at the 97% similarity level. QIIME Version 1.8.0 software was used to
perform Alpha diversity analysis on OTUs, including Shannon Index and Chao Index. The RDP classi�er
Bayesian algorithm was used to perform taxonomic analysis on the 97% similarity level OTU
representative sequence, and the community composition of each sample bacterial phylum and genus
level was counted. The KEGG (Kyoto Encyclopedia of Genes and Genomes) microbial metabolic function
was obtained by standardizing the OTU abundance table with PICRUST software. Redundancy analysis
(RDA) was used to estimate the relationship among dominant microbial communities and water quality
indicators using CANOCO 5.0 at a level of phylum and genus.

3. Results

3.1. Improvement of water quality
As shown in Fig. 1A, the NH4

+-N concentration of the three groups increased within the �rst 5 days and
decreased rapidly from the 5th to the 15th days, decreasing by 24.4% (CK), 46.3% (A0+BS) and 32.1%
(A0+BC), respectively. The NH4

+-N concentration in the A0+BS group was lower than the other two
groups.

As shown in Fig. 1B, the NO2
−-N concentration in the CK group maintained a relative stable level from the

�rst 9 days and decreased slowly during the 9th to 15th days. In the treatment groups, the NO2
−-N

concentration maintained a relative stable level during the �rst 11 days and decreased from the 11th to
15th days, decreasing by 76.3% (A0+BS), 65.8% (A0+BC), respectively. The NO2

−-N concentration in the
A0+BS group was lower than those of other groups.

As shown in Fig. 1C, the NO3
−-N concentration of the three groups continued to increase and reached the

highest level at the end of the experiment. The NO3
−-N concentration in the A0+BS group was lower than
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those of other groups.

As shown in Fig. 1D, the TP concentration of the three groups increased within the �rst 3 days, decreased
from 3rd to the 11th days, and maintained a relative stable level from 11th to 15th days. The
concentration of TP in A0+BS was lower than those of other groups.

3.2. Diversity analysis of the microbial community
A total of 250292 bacterial and fungal high-quality sequences were obtained from the three groups after
removing low quality sequences. The coverage of effective sequences was greater than 83% for all
groups, indicating that the analysis of both the bacterial and fungal sequence were rational. In all groups,
the bacterial OTUs numbers were higher than that of fungi, among which the CK group was signi�cantly
higher than other groups in bacterial (Fig. 2A) and fungal (Fig. 2D) groups (P < 0.05).

Shannon was used to estimate the microbial diversity. Chao was used to describe the total number of
species. Alpha diversity of the microbial communities of different groups showed the bacterial
communities had a higher community diversity and total number of species than that of fungi, indicating
that bacteria was an important part of the indigenous microbial population. Shannon index of bacterial
communities from the A0+BS group was the highest compared with other groups and signi�cantly higher
than CK group (P < 0.05) (Fig. 2B). There were signi�cant differences in Shannon index between fungal
communities (P < 0.05), and the fungal community diversity of CK group was the highest compared with
treatment groups (Fig. 2E). Chao index of bacterial communities from the CK group was signi�cantly
higher than A0+BC group (P < 0.05), and the species richness of CK group was the highest (Fig. 2C). No
signi�cant differences in Chao index between fungal communities (P > 0.05), and the species richness of
A0+BS group was the highest (Fig. 2F).

3.3. The composition analysis of the microbial community
at the phylum and genus level
At the phylum level, the bacterial community structure had high diversity in CK group, and its dominant
bacteria mainly included Firmicutes (57.8%), Proteobacteria (25.3%), Bacteroidetes (8.2%), and Chloro�exi
(3.7%). The composition of dominant bacteria in A0+BS and A0+BC groups was basically the same,
including Proteobacteria (89.1%, 90.4%), Bacteroidetes (4.8%, 5.7%), and Actintobacteria (3.9%, 2.2%),
among which the proportion of Proteobacteria was the largest in every treatment group (Fig. 3A).

At the genus level, 23 genera had relative abundance greater than 2%. The dominant bacteria in CK group
were mainly Lysinibacillus (27.6%), Solibacillus (9.5%), and Haematobacter (5.8%). The dominant
bacteria in A0+BS group were Comamonas, Caulobacter, Stenotrophomonas, Acidovorax,
Pseudoxanthomonas, Methylobacterium, Bosea, Dokdonella, and Thermomonas, among which
Comamonas (8.1%), Caulobacter (8%) and Stenotrophomonas (7.2%) accounted for the larger proportion.
The dominant bacteria in A0+BC group were mainly Comamonas, Acinetobacter, Stenotrophomonas, and
Pseudomonas, among which Comamonas (27%), Acinetobacter (14%), and Stenotrophomonas (9.5%)
accounted for the larger proportions (Fig. 3B).
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Fungi covered 36 genera in all groups, of which 12 genera had relative abundance greater than 1%. The
dominant fungi in CK group were mainly Cladosporium (21%), Epicoccum (21.3%), and Fusarium (5.4%).
The dominant fungi in A0+BC group were mainly Cladosporium (48.12%), Unclassi�ed (29.47%), and
Guehomyces (10.79%). The dominant fungi in A0+BS group were mainly Unclassi�ed (92.63%) (Fig. 3C).

3.4. Relationships between the environmental factors and
bacterial microbial community
The CANOCO software was used to analyze the correlation between bacterial community (dominant
phyla and genus) changes and environmental factors including NH4

+-N, NO2
−-N, NO3

−-N, and TP
(Fig. 3D). The results of the RDA between bacterial community and environmental factors showed that
the RD-1 and RD-2 axes explained 91.92 % and 7.96 % of the total variance, respectively. TP, NH4

+-N, and

NO2
−-N were the main factors affecting bacterial community structure. At the phylum level, the

abundance of Firmicutes and Bacteroidetes positively correlated with NH4
+-N, NO2

−-N, and NO3
−-N. The

correlation of Proteobacteria with water quality was similar to Actinobacteria, with negative correlation
with nitrogenous compounds and TP. At the genus level, the abundance of pathogenic genera
Acinetobacter negatively correlated with NH4

+-N, NO2
−-N, NO3

−-N, and TP.

3.5. Functional pro�le of the microbial community
The potential functional characteristic of the microbial community was carried out using KEGG analysis
(Fig. 4). The predicted sequences from the three groups (CK, A0+BS, and A0+BC) were mainly clustered
into four categories (metabolism, environmental information processing, genetic information processing,
and cellular processes) related to the effect of mixed Bacillus on microbial function, among which,
metabolism accounted for the largest proportion. Metabolism comprised 12 pathways, and each of the
other three categories comprised less than 4 pathways. Almost all functional pathways were more
abundant in the treatment groups than CK and the A0+BS group was more enriched than A0+BC group.
Among others, the pathways of amino acid metabolism, carbohydrate metabolism, energy metabolism,
and xenobiotics biodegradation and metabolism were more abundant in the cluster of metabolism. The
pathway of replication and repair was the most enriched in the cluster of genetic information processing.
The pathway of membrane transport was the most abundant among all pathways.

4. Discussion
Bioremediation is an eco-friendly method to achieve the sustainable development of aquaculture (Nayak.,
2020). Nowadays, probiotics were successfully used for maintaining water quality parameters and
promoting the growth, health and disease resistance of various �sh and shell�sh species in aquaculture
(Gomez-Gil et al., 2000; Verschuere et al., 2000). In aquaculture, common probiotics include Alteromonas,
Bacillus, Enterococcus, Lactobacillus, Lactococcus, Micrococcus, Photorbodobacterium, and et al
(Dawood et al., 2018; Wang et al., 2018a). Bacillus species had been proven to possess better probiotic
properties and widely used in different types of aquaculture practices (Ghosh et al., 2016). In an
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aquaculture environment with severe eutrophication, mixed Bacillus could be advantageous over single
Bacillus because of the co-operative interactions between the co-cultivated Bacillus that enhanced the
removal e�ciency of nutrients (Ren et al., 2021; Kesarcodi-Watson et al., 2012). However, the effects of
mixed Bacillus on nutrients nitrogen and phosphorus, and aquatic microorganism are still unknown in
aquaculture.

The Chao index indicated species richness and was sensitive to the change of rare species (Wang et al.,
2018b), and the Shannon index indicated species richness and evenness in the sample. These results
showed that the addition of mixed Bacillus A0+BS increased the diversity of bacterial community in
aquaculture water, and the addition of mixed Bacillus A0+BC caused the loss of rare species.
Simultaneously, highly diverse populations improved the stability of the water ecosystem. Similarly, Wu et
al. (2014) had reported that the addition of Bacillus subtilis in shrimp culture water increased the diversity
of bacterial community.

In addition, bacterium far outnumbered fungi in terms of total number and diversity of species (Fig. 2).
Similar results had been found in most previous studies (Bahram et al., 2020). In A0+BS group, the Chao
and Simpson index of fungi increased, indicating that the species richness of fungi increased and the
diversity decreased. Due to the poor coverage of ITS database and the existence of many highly novel
fungal systems (Zhang et al., 2021b), it was di�cult to make further discussion. In conclusion, the
addition of mixed Bacillus increased the bacterial diversity and decreased the fungal diversity.

The addition of mixed Bacillus caused microbial community shifts and changed the status of nitrogen
and phosphorus. High-throughput sequencing showed that mixed Bacillus could not colonize in the new
environment and thus could not become dominant species, indicating that mixed Bacillus might have an
indirect effect on indigenous bacteria. A similar result was reported by Skjermoetal et al. (2015). Previous
studies have proven that carbon sources caused shifts in microbial community structure and function in
aquaculture waters (Zhao et al., 2018; Wang et al., 2020). Mixed Bacillus was cultivated on a medium rich
in carbon sources and used in liquid form �nally. In this study, Proteobacteria and Actinomyces increased,
whereas, Bacteroides and Firmicutes decreased in the treatment groups compared to CK group, a
possible reason that mixed Bacillus addition showed potential carbon source effects and consequently
affects microbial communities. Previous studies found that the dominance of Proteobacteria and
Actinomyces in various types of aquaculture systems (Jiang et al., 2020). Tang et al. (2014) found that
the dominant phyla was Actinobacteria, Proteobacteria, and Bacteroidetes in freshwater aquaculture
system farming of L. vannamei. Duarte et al. (2019) also reported that Proteobacteria and Actinomyces
were dominated in semi-intensive aquaculture system for sea bass (Dicentrarchus labrax). In most
freshwater environments, Proteobacteria can use nitrogen and phosphorus pollutants in water and
participate in a variety of metabolic pathways (Chen et al., 2017; Shapleigh, 2011). Actinobacteria might
transform elements such as nitrogen and phosphorus and inhibit the growth and reproduction of
pathogenic bacteria (Wang et al., 2018a). Taken together, after mixed Bacillus A0+BS addition, the
increase in the abundance of Proteobacteria and Actinobacteria played an important role in improving
nutrients nitrogen and phosphorus concentration in aquaculture water. Bacteroidetes and Firmicutes
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could serve as sentinels of changes to trophic state for monitoring wastewater impacts (Velmurugan et
al., 2011; He et al., 2016). In this study, the decrease in the abundance of Bacteroidetes and Firmicutes
after mixed Bacillus A0+BS application indicated that aquaculture water eutrophication was mitigated.

At the level of genus classi�cation, the microbial community in aquaculture water was relatively scattered
and highly diverse. Comamonas and Stenotrophomonas dominated in aquaculture water with mixed
Bacillus addition. Comamonas is a heterotrophic nitrifying-aerobic denitrifying bacteria (Su et al., 2019).
Stenotrophomonas is a heterotrophic nitrifying bacterium, which can assimilate and nitrify ammonia
nitrogen (Zeng et al., 2020). Qiao et al. (2020) had pointed out that heterotrophic nitrifying-aerobic
denitrifying bacteria had greater advantages in denitri�cation and removal of organic matters, compared
with traditional deammonia bacteria. Interestingly, some nitrogen removal bacteria (e.g., Dokdonella,
Acidovorax, and pseudoxanthomonas) appeared in aquaculture water after mixed Bacillus A0+BS
addition. Among which, Dokdonella is a common denitri�cation bacteria in sewage treatment, which has
nitri�cation and denitri�cation functions (Schuster et al., 2008). Pseudoxanthomonas belongs to
denitrifying bacteria and is the key microorganism for nitrogen removal (Schreier et al., 2010). Acidovorax
can directly reduce nitrate to nitrogen without any accumulation of denitrifying intermediates (Wang and
Chu, 2016; Gentile et al., 2007). In this study, the relative abundance of Dokdonella and Acidovorax was
negatively correlated with nitrogenous compounds, further supporting this hypothesis. These results
suggested that nitri�cation and denitri�cation existed simultaneously in aquaculture water after mixed
Bacillus A0+BS addition, which accelerated the removal of nitrogenous compounds.

Acinetobacter and Pseudomonas, two well-known pathogenic bacterium causing infections in �sh (Xia et
al., 2008; Sihag et al., 2012), were more enriched in the treatment A0+BC compared to the A0+BS.
Previous studies indicated that Actinobacteria could control pathogen in aquaculture through produce
antibiotics (Goodfellow and Fiedler.,2010). Thus, in our study, the increase in the abundance of
Actinobacteria might have been a contributing factor to the decrease in the abundance of Acinetobacter
and Pseudomonas in the treatment A0+BS. These results implied that mixed Bacillus A0+BS addition
could effectively inhibit pathogenic bacteria.

Fungi played important roles in the decomposition of organic matters in aquaculture water (Grossart and
Rojas-Jimenez, 2016). It was found that the abundance of Epicoccum and Fusarium decreased in this
study, indicating that the mixed Bacillus and its associated bacteria reduced nutrients, through
decomposition and assimilation, that promoting the growth of these fungi. Moreover, Bacillus species
could suppress the growth of some fungi by producing lipopeptides (Zhao et al., 2010). However, little
information was available about the increased abundance of Unclassied genera after the mixed Bacillus
addition in aquaculture water. Thus, it would be worth exploring the functions of Unclassied genera in the
future study, especially with respect to its identi�cation of such fungi and interaction with Bacillus.

The NH4
+-N and NO2

−-N concentrations showed an overall decreasing tendency, whereas, the NO3
−-N

concentration showed an overall increasing tendency in aquaculture water during the entirety of this test,
a possible reason that microorganisms in aquaculture water converted NH4

+-N to NO2
−-N, and NO2

−-N to
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NO3
−-N by nitri�cation process. The NH4

+-N, NO3
−-N, and NO2

−-N concentrations in the treatment were
lower than those of the CK. This was likely because the mixed Bacillus addition caused shifts in bacterial
community structure and function, and the dominated bacteria could be responsible, through nitri�cation-
denitri�cation and assimilation, for the removal of nitrogenous compounds in aquaculture water. In
addition, mixed Bacillus A0+BS was more effective in removing nitrogenous compounds compared with
the mixed Bacillus A0+BC. Phosphate produced by microorganisms decomposing organic matter can be
absorbed and utilized by phosphorus accumulating bacteria (Chun et al., 2018; Li et al., 2020). Previous
studies have already demonstrated that TP could be reduced in cat�sh ponds with B. velezensis (Thurlow
et al., 2019). In our study, there was no improvement in TP removal after mixed Bacillus A0+BC addition,
whereas, mixed Bacillus A0+BS had higher performance in the accumulation and utilization of
phosphorus. These results might suggest suggesting that the synergic effect of Bacillus subtilis and
Bacillus megaterium played important roles in the removal TP. In addition, higher abundance of dominant
bacteria associated with the removal of nitrogenous and phosphorus compounds appeared in the
treatment A0+BS. Previous studies indicated that adding microbial agents every 7 days could maintain
good water quality (Liang et al., 2015; Zhang et al., 2013). Our results showed that the mixed Bacillus
A0+BS directly applied in aquaculture water as free bacteria every 13 days was a safety and effective
measure to improve water quality.

In addition to the in�uence of foreign bacteria, the microbial community structure in aquaculture water
might also be affected by water physicochemical characteristics (Hou et al., 2017; Ruprecht et al., 2021).
Zhang et al. (2016) found that NH4

+-N and TN were major factors that shaped water microbial
communities in shrimp cultural ecosystems. Zhang et al. (2021a) showed that TN was the primary
environmental factor that shaped water microbial community divergence in Heihe river. In our study,
NH4

+-N, NO2
−-N, and TP were primary environmental factors. Therefore, creating favorable environmental

conditions for the growth and reproduction of functional bacteria, may be bene�cial to improve the
removal effect of mixed Bacillus on nutrients nitrogen and phosphorus (Li et al., 2021).

According to PICRUST analysis and prediction, all functional pathways were up-regulated after mixed
Bacillus addition, and exhibited a higher functional abundance under the mixed Bacillus A0+BS
application, which might result in accelerated nitrogen cycles in aquaculture ecosystem (Arias-Andres et
al., 2018; Cornejo-D'Ottone et al., 2020). Membrane transport is one of the most important biological
processes (Cornejo-Granados et al., 2017). In our study, the pathway of membrane transport was the
most enriched in all functional pathways. Metabolism was the main category of taxonomic function
(Raiyani and Singh., 2020; Lu et al., 2020). The enriched amino acid metabolism, carbohydrate
metabolism, and energy metabolism explained the aquaculture water quality improvement achieved after
mixed Bacillus A0+BS addition. In addition, most of the secondary metabolites produced by
microorganisms through metabolism were allelochemicals, which would affect the competitive
relationship between microorganisms (Gomes et al., 2017; Song et al., 2017). Thus, in our study, different
allelochemicals produced by mixed Bacillus might be another reason for the differences in the microbial
community structure between the groups. These results showed that mixed Bacillus A0+BS promoted



Page 12/19

microbial growth and reproduction and shaped the microbial community structure and function, thereby
accelerating the conversion and utilization of nitrogenous and phosphorus compounds in aquaculture.

5. Conclusion
Mixed Bacillus directly used as free bacteria was applied to aquaculture and showed a relatively long
action time in this test without secondary pollution. The mixed Bacillus A0+BS effectively decreased the
nutrients nitrogen and phosphorus concentrations. Also, the addition of mixed Bacillus A0+BS shaped a
favorable microbial community structure, increased probiotics related to the removal of nitrogen and
phosphorus compounds and reduced the pathogenic bacteria in aquaculture. The functional pathways
were up-regulated under the mixed Bacillus A0+BS application, which promoted the conversion and
utilization of nitrogenous and phosphorus compounds in aquaculture ecosystem. In summary, the mixed
Bacillus A0+BS addition increased microbial diversity, inhibited pathogenic bacteria, and up-regulated
microbial functional pathways, thereby improving water quality. Therefore, the mixed Bacillus A0+BS
could be applied to aquaculture as a safer, more effective, and eco-friendly method to improve the water
quality and induce a stable microbial community structure.
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Figures

Figure 1

Variations in the nitrogenous compounds and total phosphorus in aquaculture water. (A) NH4+-N, (B)
NO2--N, (C) NO3--N, (D) TP.

Figure 2

The bacterial and fungal community diversity in aquaculture water from CK, A0+BC, A0+BS group. (A)
OTUs, (B) Shannon Index and(C) Chao Index belong to the bacterial diversity. (D) OTUs, (E) Shannon
Index and(F) Chao Index belong to the fungal diversity. Different letters indicate signi�cant differences
between communities (P< 0.05).

Figure 3

Relative abundance of bacteria in phylum (A) and genus (B) levels and fungus in genus (C) level in
aquaculture water. Redundancy analyses(D) of main bacteria phyla, genera and water quality in
aquaculture water.

Figure 4

Variation of metabolism function pro�les of bacterial community between the three groups analyzed by
PICRUST.
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